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We report 75As-NMR results for CrAs under pressure, which shows superconductivity adjoining a
helimagnetically ordered state. We successfully evaluated the Knight shift from the spectrum, which
is strongly affected by the quadrupole interaction. The Knight shift shows the remarkable feature
that the uniform spin susceptibility increases toward low temperatures in the paramagnetic state.
This is in sharp contrast to CrAs at ambient pressure, and also to cuprates and Fe pnictides, where
antiferromagnetic correlations are dominant. Superconductivity emerges in CrAs under unique
magnetic correlations, which probably originate in the three-dimensional zigzag structure of its
nonsymmorphic symmetry.
PACS numbers:
The interplay between magnetism and superconductiv-
ity has long been an attractive subject in condensed mat-
ter physics. If magnetism favors the occurrence of super-
conductivity, it can yield unconventional superconduct-
ing (SC) pairing without requiring mediation by electron-
phonon coupling. Simultaneously, it induces a wide vari-
ety of features in the SC state, which is affected by many
factors, such as the kinds of magnetic interactions, the
topology of the Fermi surface, the presence/absence of
time-reversal symmetry, etc. Chromium arsenide (CrAs)
is a rare Cr-based example that is thought to be in
this category, and it shows a pressure-induced quantum
phase transition from a helimagnetically ordered state
to a SC state.[1, 2] In spite of the strong first-order
character of the magnetic phase transition,[3–6] the de-
velopment of magnetic fluctuations in the paramagnetic
(PM) state has been observed under pressure by the nu-
clear spin-lattice relaxation rate 1/T1,[5] and by recent
inelastic neutron scattering measurements for the high-
temperature PM phase in polycrystalline CrAs and for
P-doped CrAs.[7] The presence of strong electronic cor-
relations is also supported by the non-Fermi-liquid like
behavior of the resistivity [1, 2, 7] and the lack of ob-
servations of quantum oscillations.[8] Our previous nu-
clear quadrupole resonance (NQR) study suggests that
these fluctuations have no direct association with the
first-order magnetic transition, and we speculate that it
may originate from a proximity to a hidden instability.[9]
This point is still open to argument, but the absence of
a Hebel-Slichter peak in 1/T1 and the close relationship
between the magnetic fluctuations and the superconduc-
tivity suggest the possibility that the superconductivity
of CrAs is mediated by magnetic interactions beyond the
BCS framework.[5] The details of the magnetic fluctua-
tions are important for understanding superconductivity
in CrAs, but they are still unclear, especially for pure
CrAs under pressure. If the quantum magnetic phase
transition is of second order, we can infer the wave vector
of the magnetic fluctuations from the magnetic structure
of the ordered state. In CrAs, however, this connection is
not guaranteed because of the significant segregation of
the electronic states in the two phases due to the strong
first-order phase transition. A direct measurement in the
PM state is therefore crucial for understanding the mag-
netic correlations that have possible connections with the
superconductivity.
Another notable feature of CrAs is its crystal struc-
ture, which belongs to the nonsymmorphic space group
Pnma. The nearest-neighbor Cr ions form a zigzag
chain along the a-axis with a bond length of ∼ 2.89 A˚,
while the second- and third-nearest-neighbor Cr ions at
∼ 3.03 A˚ and ∼ 3.46 A˚, respectively, form a zigzag ladder
along the b axis. In this isostructural three-dimensional
zigzag structure, helimagnetic phases often appear, as
observed in MnP, FeP, and FeAs.[10–12] It is thought
that competition among the exchange interactions be-
tween the multiple neighboring magnetic ions yields the
characteristic helimagnetic phases.[13–15] The structure
of CrAs differs completely from the typical layered struc-
ture such as cuprates and Fe-pnictides. It belongs to the
same space group as those of the pressure-induced su-
perconductor MnP [16] and U-based ferromagnetic (FM)
superconductors.[17, 18] It is an intriguing subject to
clarify what types of magnetic fluctuations develop in this
zigzag structure in CrAs, how they affect the supercon-
ductivity, and what kind of SC symmetry is realized as a
consequence. In this Rapid Communication, we present
nuclear magnetic resonance (NMR) studies under pres-
sure to evaluate the magnetic correlations in CrAs.
The single crystals of CrAs were prepared using the
Sn-flux method from a starting composition of Cr : As :
Sn = 1 : 1 : 20 avoiding the structural phase transition
during crystal growth.[9] For the NMR measurements
under pressure, we generate hydrostatic pressure using
an indenter type of pressure cell and Daphne 7474 as a
pressure transmitting medium.[19, 20] Pressure calibra-
2tion was performed using the superconducting transition
temperature of a lead manometer. NMR measurements
were performed utilizing As nuclei with a nuclear spin
I = 3/2 and a gyromagnetic ratio γ = 7.292 MHz/T. A
single crystal of about 1 mm in size was used for the NMR
measurements under pressure. We adjusted the angle of
the single crystal in the pressure cell relative to the mag-
netic field by utilizing a uniaxial rotator mounted on the
NMR probe. A magnetic susceptibility up to 340 K was
measured by utilizing a magnetic property measurement
system (MPMS, Quantum Design). For the measure-
ments, several single crystals were aligned so that H ‖ b.
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FIG. 1: (color online) (a) The crystal structure of CrAs and
the directions of the principal axes of the EFG at the As
site. The orange bars indicate the directions of Vzz. (b) The
frequency-swept NMR spectrum in the PM state at ambient
pressure. The red curves indicate the simulation for H ‖ b ‖
Vxx. (c) The polar angles between the magnetic field and the
principal axes of the EFG. (d) K-χ plot at ambient pressure.
A negative hyperfine coupling of A = −12.2 ± 0.5 T/µB and
Korb = 0.326 ± 0.07% are obtained.
As already reported in our 75As-NQR study,[5] the
As nuclei have a large quadrupole interaction in CrAs,
which significantly affects the shape of the NMR spec-
trum; therefore, an evaluation of the Knight shift re-
quires careful measurements and analyses that consider
the electric-field-gradient (EFG) tensor at the nuclear
site.[21] Figure 1(a) shows the crystal structure of CrAs
and the directions of the principal axes of the EFG; Vzz
and Vxx, at the As sites. Here Vii (i = x, y, and z) are the
values of the EFG tensor along the principal axis i, and
|Vzz | > |Vyy| > |Vxx|. In CrAs, the direction of Vzz is ob-
tained from the band structure calculation,[21] as shown
in the figure. It lies in the ac plane and is tilted by 54.5◦
from the a-axis; that is, by 35.5◦ from the c-axis. One of
the principal axes is restricted to lie along the b axis from
the local symmetry of .m. at the As site, and the band
structure calculation and previous NMR measurements
at ambient pressure demonstrate that it is Vxx.[21] Two
As sites with different Vzz directions arise in the unit cell
because of the nonsymmorphic symmetry, but they are
crystallographically equivalent. When a magnetic field is
applied precisely along any direction among the crystal
axes a, b or c, all the As sites maintain equivalency.
Figure 1(b) shows the frequency-swept 75As-NMR
spectrum in the PM state at ambient pressure. Here,
the powdered crystals were oriented with H ‖ b, which
is the easy axis,[22] and we observed three NMR transi-
tions for I = 3/2. The NMR spectral shape including the
quadrupole interactions is determined by five parameters;
the Knight shift, the quadrupole frequency νQ, the asym-
metric parameter η, and the polar angles (θ, φ) between
H and the principal axes of the EFG tensor, as shown
in Fig. 1(c). For H ‖ b ‖ Vxx, we can fix θ = 90
◦ and
φ = 90◦; therefore, the observation of three transitions
makes it possible to derive separately the Knight shift,
νQ, and η. The numerical simulation shown by the red
curves reproduces the experimental data well. From the
temperature dependence of the Knight shift, we obtained
the K-χ plot for H ‖ b in the PM state at ambient pres-
sure, as shown in Fig. 1(d). Here, we used susceptibility
data measured at 1 T for our single crystals. The Knight
shift is generally composed of a temperature-dependent
spin part and a temperature-independent orbital part, as
follows;
K = Kspin +Korb =
A
NµB
χspin +Korb (1)
Here, N is the Avogadro’s number, and µB is the Bohr
magneton. The linear relationship in Fig. 1(d) gives the
hyperfine coupling constant A = −12.2± 0.5 T/µB and
Korb = 0.326 ± 0.07% for H ‖ b. The negative value of
A suggests that the core-polarization effect is dominant
in the hyperfine coupling, due to the hybridization of the
Cr-3d and As-4p orbitals.
Figure 2(a) shows the temperature variation of the
75As-NMR spectrum for H ‖ b at 1.09 GPa, where the
helimagnetic phase is completely suppressed. Supercon-
ductivity appears below ∼ 2 K, but it is suppressed by
an applied field H ∼ 8 T. The observation of three clear
NMR transitions for H ‖ b ensures the precise orienta-
tion of the single crystal in the pressure cell relative to
the magnetic field. The spectrum can be reproduced well
for the condition H ‖ Vxx, as is also the case at ambient
pressure, as shown by the red curves at 3 K. The tem-
perature dependences of the Knight shift, νQ, and η are
shown in Figs. 2(c-e). The temperature dependences of
νQ and η probably originate in the thermal expansion of
the lattice parameters. The estimated values of νQ and
η at the lowest temperature give the NQR frequency of
33 MHz, which is consistent with the actual resonance
frequency at 1.07 GPa,[5] confirming the validity of the
present determination. The vertical axis in Fig. 2(c)
shows that the Knight shift increases in the negative di-
rection because the hyperfine coupling is negative. From
the relationship Kspin ∝ Aχspin, we found that χspin in-
creases toward low temperatures in the PM state where
superconductivity appears. This is qualitatively consis-
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FIG. 2: (color online) (a) 75As-NMR spectra at 1.09 GPa
for various temperatures. At this pressure, the PM state is
stable down to the lowest temperature. All the data can be
reproduced with H ‖ b ‖ Vxx as shown, for example, by the
red curve at 3 K. (b) The NMR spectra at around 62 MHz.
(c-e) The temperature dependences of the Knight shift, νQ,
and η, which are derived separately from the NMR spectra.
The Knight shift increases in the negative direction with de-
creasing temperature, indicating that the spin susceptibility
increases toward low temperatures because of the negative hy-
perfine coupling due to the hybridization of Cr-3d and As-4p
electrons.
tent with recent bulk-susceptibility measurements under
pressure, although the low-temperature data below 50 K
are not shown.[7] Our microscopic measurement, which is
insensitive to extrinsic contributions, shows that the in-
crease of χspin toward the lowest temperature is inherent
to the PM state of CrAs.
At ambient pressure, a magnetic anisotropy of about
10− 20 % has been observed in the bulk susceptibility in
CrAs.[22, 23] This may imply the presence of a substan-
tial spin-orbit interaction, and the intense lattice change
in the first-order magnetic transition also implies this
possibility.[3, 4] On the other hand, the spin-orbit inter-
action has been suggested to contribute to generating the
ellipticity of the spin helix in FeAs, while it seems to be
negligible in the ordered state of CrAs.[24, 25] To inves-
tigate the magnetic anisotropy of CrAs under pressure,
we measured the anisotropy of the Knight shift and 1/T1.
To determine the Knight shift for H ‖ a and c, φ can be
0◦, but θ cannot be fixed because the a and c axes are
not directed along the principal axes of the EFG tensor.
Here, we used the values of νQ and η obtained in the mea-
surement for H ‖ b to reduce the number of parameters.
The inset of Fig. 3(a) shows the NMR spectrum for H ‖ c
at 1.07 GPa. The three transitions are split, owing to a
misalignment of the single crystal relative to the mag-
netic field, but all the peaks can be explained by two sets
of alignments; (θ = 33.2◦ and φ = 0◦) and (θ = 30.9◦ and
φ = 0◦). As seen in Fig. 1(a), the misalignment yields
two inequivalent As sites. The two sets of θ indicate
that the misalignment is about (33.2◦ − 30.9◦)/2 ≃ 1◦.
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FIG. 3: (color online) The temperature dependences of (a)
the Knight shift and (b) 1/T1T under pressure. A magnetic
field of ∼ 8 T is applied separately along each of the three
crystal axes. Neither the Knight shift nor 1/T1T show any
significant anisotropy.
The angle between Vzz and the c axis is estimated to be
(33.2◦ + 30.9◦)/2 = 32.05◦, which agrees with the value
35.5◦ obtained from band structure calculations using the
crystal structure at ambient pressure.[5] The resulting
temperature dependence of the Knight shift is shown in
Fig. 3(a). The Knight shifts show similar values and
temperature dependences for all three axes. From the
NMR spectrum for the powdered sample,[21] the hyper-
fine coupling constant is expected to be almost isotropic,
which seems reasonable because the core-polarization ef-
fect dominates the coupling; therefore, we expect the
anisotropy of the magnetic susceptibility of CrAs to be
not strong under pressure. Figure 3(b) shows the tem-
perature dependence of 1/T1T under a magnetic field to-
gether with the NQR measurement at zero field.[5] The
developments of 1/T1T toward low temperatures are all
similar and the anisotropy is not significant. The 1/T1
generally corresponds to magnetic fluctuations perpen-
dicular to the nuclear quantization axis. For the NQR
measurement at zero field, the nuclear quantization axis
is determined by the EFG tensor. Because of the large
asymmetric parameter η at the As site, the main contri-
bution to 1/T1 in NQR is from the magnetic fluctuations
along Vxx, that is along the b axis. For I = 3/2 and
η = 0.61, for instance, the magnetic fluctuations along
4the b axis constitute ∼ 64% of the magnetic fluctuations
that contribute to T1.[26] If the magnetic field is much
greater than the quadrupole interaction, the quantiza-
tion axis is directed along the magnetic field. For the As
nuclei, a magnetic field of 8 T corresponds to γH ∼ 58.3
MHz, which is about twice the NQR frequency. This does
not satisfy the condition that the Zeeman interaction is
dominant over the quadrupole interaction, but 1/T1 for
each axis is expected to contain sufficient components
perpendicular to the magnetic field. Therefore, the sim-
ilarity in 1/T1T among the different magnetic field ori-
entations suggests that the anisotropy of the magnetic
fluctuations is not strong in CrAs.
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FIG. 4: (color online) Comparison of 1/T1T and Kspin
among CrAs, YBa2Cu3O7−y, and BaFe2(As1−xPx)2. The
data for YBa2Cu3O7−y and BaFe2(As1−xPx)2 are taken from
Refs. [27–29]. In panel(b), the data at ambient pressure (A.P.)
are also shown, and superconductivity at 1.09 GPa is sup-
pressed by the magnetic field.
The magnetic correlations of CrAs under pressure ex-
hibit the feature that the spin susceptibility increases to-
ward low temperatures, in sharp contrast to other typi-
cal d-electron superconductors such as cuprates and Fe-
pnictides.[27–31] Figure 4 shows comparisons of 1/T1T
and Kspin for YBa2Cu3O7−y and BaFe2(As1−xPx)2.[27–
29] Here, we assume that Korb = 0.326 %, independent
of pressure, in order to deduce Kspin for CrAs. All three
systems show a Curie-Weiss like increase in 1/T1T , in-
dicative of the development of low-energy magnetic ex-
citations. The Kspin in optimally doped YBa2Cu3O7−y
with y = 0 is independent of temperature, and it de-
creases in the underdoped region with y = 0.37. In
BaFe2(As1−xPx)2 with x = 0.33, Kspin is tempera-
ture independent. The 1/T1T is proportional to the q-
summed imaginary part of the dynamical susceptibility,
as shown by 1/T1T ∝ Σqχ
′′(q, ωN )/ωN , where ωN is
the resonance frequency, while the Knight shift is pro-
portional to χ(q = 0, ω = 0). In cuprates and Fe-
pnictides, it is thought that the spectral weight near
q = 0 is not affected or is even suppressed by the devel-
opment of antiferromagnetic (AF) fluctuations. In itin-
erant AF systems, the behavior of the spin susceptibility
in the PM state depends on the material, and an almost-
temperature-independent susceptibility is also observed
in the typical spin density wave system Cr.[32] In CrAs,
which must be in the itinerant regime, the susceptibil-
ity at ambient pressure does not follow a Curie-Weiss
behavior and is significantly suppressed toward TN .[33]
The Knight shift below 340 K at ambient pressure is
shown in Fig. 4(b). The suppression of the susceptibility
seems to suggest that uniform susceptibility is not im-
portant for the magnetic correlations in CrAs; however,
our result under pressure shows that a uniform suscep-
tibility, that is ferromagnetic-like correlations, develops
significantly toward the emergence of superconductivity.
If the ferromagnetic correlations are dominant in a sys-
tem, Kspin should develop in proportion to 1/T1T follow-
ing 1/T1T ∝ K
n
spin with n = 1, as predicted from self-
consistent renormalization theory.[34] The experimental
data for CrAs follow the relationship 1/T1T ∝ K
n
spin with
n = 1.77± 0.07, which differs from the typical FM case.
This result indicates that the dominant q vector is fi-
nite in CrAs, but the comparable increase of 1/T1T and
Kspin suggests that magnetic correlations near q = 0
are also significant. This interpretation is not contradic-
tory to recent inelastic neutron scattering measurements
at ambient pressure, which suggest a spin-wave excita-
tion with a finite q vector in the PM state, but this
remains uninvestigated near q = 0.[7] Our results sug-
gest that the magnetic correlations in CrAs differ from
a case in which the spectral weight only develops at a
finite q vector. This is likely to be related to the com-
petition among the exchange interactions with different
signs that originate in the structural features.[13–15] In
isostructural MnP, this character is evidenced by the
multiple magnetic phases generated by temperature and
pressure.[16, 35] The NMR results for CrAs under pres-
sure are similar to those of another Cr-based supercon-
ductor A2Cr3As3 (A = K, Rb, Cs), where both 1/T1T
andKspin increase toward low temperatures.[36, 37] This
system is composed of Cr-triangular lattices, and CrAs
is the distorted triangular lattice.[9] It may thus be in-
teresting to investigate possible underlying similarities
between these two systems. Another interesting aspect
of CrAs is the possibility of spin-triplet superconductiv-
ity, which has been suggested from the anisotropy of the
upper critical field.[38] It will be intriguing to investigate
the interplay between the unique magnetic correlations
in CrAs and superconductivity. The Knight shift mea-
surements in the SC state are crucial to determining the
parity of SC pairing in CrAs, and such experiments are
currently being planned.
In conclusion, we obtained several features of the mag-
netic correlations in CrAs through 75As-NMR measure-
ments. Measurements of the Knight shift and 1/T1 under
different magnetic -field directions reveal that magnetic
anisotropy is not significant in the PM state of CrAs.
The Knight shift in the normal state suggests that a uni-
form spin susceptibility develops significantly toward the
emergence of superconductivity. This may originate in
5the crystal structure, which consists of several kinds of
neighboring Cr-Cr bonds, and it will be a key ingredient
for understanding superconductivity in CrAs.
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